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Abstract: Mechanical properties, including the fatigue behavior of metals, are usually determined
from damage-free specimens, but it is not well known how these properties change with respect to
prior damages; hence, the present work aims to understand the remaining mechanical properties
of low carbon alloy steel Q345q with pre-damages. Low-cycle fatigue tests on the damage free
speciments, tensile tests on the low-cycle fatigue damaged specimens, and fatigue tests on the plastic
deformed specimens were carried out, respectively. The low-cycle fatigue life prediction formula was
proposed. The influences of different kinds of pre-damages on the residual mechanical properties
were analyzed. Results show that the stable hysteretic loops in the low-cycle fatigue tests are well-
stacked. The material illustrates Masing behavior, and it has a good energy dissipation capacity. The
ductility of the low-cycle fatigue-damaged materials decreases significantly in comparison with the
undamaged ones. The low-cycle fatigue lives of Q345q steel are almost unaffected, so long as the
pre-applied tensile strain is lower than 10%.

Keywords: plastic deformation; low-cycle fatigue; mechanical properties; pre-damage; low alloy
steel; coupling damage

1. Introduction

Low carbon alloy steels are widely used in the construction of buildings and bridges,
energy storages such as fuel cells, and various mechanical equipment [1-3]. On the one
hand, low-cycle fatigue (LCF) damage may be discovered in these structures during service
due to seismic events and other extreme loading conditions. On the other hand, the materi-
als in local regions on these steel structures and equipment may experience large plastic
deformation caused by severe impact or other improper artificial operations. The coupling
damage of alloy steel caused by LCF, and tensile plastic deformation is still unknown.

Fatigue of materials can be traditionally divided into high-cycle fatigue (HCF) and low-
cycle fatigue scopes. Low-cycle fatigue involves bulk plasticity, whereas the deformation in
high-cycle fatigue is in elastic range. A considerable number of studies on LCF of metals
have been conducted to understand the fatigue life prediction and crack propagation
rules [4-6]. Recently, Tsutsumi et al. [7] investigated the LCF behavior of butt-welded joints
considering the inhomogeneous mechanical properties in the base metal, weld metal, and
the heat-affected zones. They found that the effects of inhomogeneous material properties
are very significant when evaluating the LCF of welded joints. Prochazka et al. [8] studied
the development of advanced techniques of the LCF test using miniature test samples.
They reported that cyclic-strain and strain-life curves of the mini-sample geometries are
almost of the same shape for rotor steels. Ho et al. [9] studied the LCF performance of
gradient structured 316 austenitic steels under high strain amplitude loading conditions.
They found that gradient structured steels exhibit inherently lower fatigue life than their
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coarse-grained counterparts. Huang et al. [10] conducted monotonic tensile and ultra-
low-cycle-fatigue tests on Q235 and Q690 steels to investigate the fracture behavior under
various loading conditions. It was found that the deformability of Q690 steel under
monotonic loading and the fatigue life under LCF loading are lower than those of Q235
steel. Tong et al. [11] evaluated the LCF life of buckling-restrained braces (BRBs), and they
proposed an evaluation method for BRBs based on the combination of the cumulative
plastic deformation curves. Yoon et al. [12] studied the effect of multiple high-density
pulsed electric currents on the LCF life of austenitic stainless steel. An improved LCF life
in austenitic stainless steel was proposed and examined by the test results. Hua et al. [13]
experimentally investigated the LCF behaviors of high strength steel Q690 exposed to
different elevated temperatures. A fatigue model considering the elevated temperatures
was proposed to describe the relation between the total strain amplitude and the load
cycles to failure. Tang et al. [14] studied the effect of structural parameters on the LCF
damage evolution of thin-walled steel bridge piers. Practical formulae to evaluate the LCF
damage levels were proposed and validated by experiments. Bouazza et al. [15] conducted
the LCF fragility of RC bridge piers and developed an LCF fragility curve based on the
performance-based earthquake engineering methodology. These above-mentioned studies
were devoted to the LCF behaviors, life prediction, and fracture models of metals. However,
the coupling effects of LCF damages and other types of damages of these metals were
not involved.

More than 30 years ago, Park et al. [16,17] proposed a practical damage index of
concrete material and members, in which the combined effects of plastic deformation
and plastic energy consumption caused by cyclic loads are considered. After that, many
researchers tried to reveal the relation between the cyclic damage and the plastic defor-
mation damage of metallic materials. Cadenas—-Herrera et al. [18] studied the impact of
the HCF damage on the fracture toughness parameters of aluminum alloy. They reported
that the tensile static mechanical properties of the material are unaffected by the prior
fatigue damage. Tang et al. [19] investigated the influence of pre-fatigue damages on the
alloy steel material and steel members. It was found that the tensile mechanical prop-
erties of Q345 steel decrease significantly with consideration of the prior HCF damages.
Paul et al. [20] conducted material experiments under pre-LCE, followed by tensile load
conditions, to study the mechanical behavior and damage evolution during cyclic plastic
deformation. It was found that the pre-ratcheting has a massive effect on the subsequent
LCF life. Lopez et al. [21] studied the effect of preceding cyclic loading on the tensile be-
havior of titanium alloy and found that pre-damage only affects the surface of the material,
but not the fundamental mechanical properties. Mocko et al. [22] investigated the change
of the strain distribution on the surface of the material caused by the pre-fatigue damages
using the digital image correlation method. It was found that the pre-fatigue loads can
change the formation of micro-damages in the material. Tang et al. [23] experimentally
studied the combined effect of HCF and LCF damages and reported that the coupling effect
of different types of damages is very significant, e.g., the residual life reducing to 0.6 of the
original LCF life when the prior HCF damage reaches 0.4. Wang et al. [24] investigated
the influence of pre-fatigue damage on the residual mechanical properties of P92 steel.
It was found that the ultimate stress of the material considering pre-fatigue shows two
stages; the first one is the initial rapid degradation stage and the second one is the linear
decreasing stage. Jia et al. [25] studied the LCF and extreme LCF performance of the high
strength steel Q690E, and an effective constitutive model was proposed. Based on the
framework of damage mechanics, Peng et al. [26] investigated the effect of average strain
on the LCF life of materials under different strain cycle ratios. The relationship between
the maximum strain, strain amplitude, material properties, and LCF life of the material
was discussed. The above-mentioned research mainly concentrated on the effect of prior
HCEF/LCF damages on the tensile properties of different kinds of metals. However, the
change of the mechanical behavior is very much related to the material itself. Addition-
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ally, few studies have been conducted on the effect of tensile plastic deformation on the
subsequent LCF behaviors.

In this research, strain-controlled fatigue tests were conducted under six different load
amplitudes to study the LCF behavior of the alloy steel Q345q. Effects of the prior LCF
damage on the remaining tensile properties were experimentally investigated. Moreover,
the effects of the damage caused by tensile plastic deformation on the LCF behavior of
the material were studied. Finally, predictive equations were proposed to determine the
residual mechanical properties of the material.

2. Experimental Methods

The as-received material is low carbon alloy steel grade Q345q and its mechanical
properties are similar to 5355 and ASTM 50 steels [27]. Table 1 shows the chemical composi-
tions in weight ratio of grade Q345q material provided by the factory of Baoshan Iron and
Steel Co., Ltd. According to GB/T 228.1-2010 [28] and GB/T 15248-2008 [29], the shape
and size of the test specimens were machined, as shown in Figure 1. All of the specimens
were cut from the same plate with a nominal thickness of 10 mm. A total of 42 specimens
were machined and tested for different purposes in this study. Four groups of specimens
were prepared for the tensile test, the low-cycle fatigue test, the fatigue—tension test, and
the tension—fatigue test, respectively.

Table 1. Chemical compositions of grade Q345q steel (wt%).

C Si Mn P S Nb A% Ti
<0.18% <0.55% 0.9~1.70% <0.025% <0.02% <0.06% <0.08% <0.03%
Cr Ni Cu Mo N Als Fe /
<0.08% <0.50% <0.55% <0.20% <0.012% >0.015% Balance /

R50 i
$10/30
L] A A
100 20 30 | 20 ‘ 100 ‘ M
P T

Figure 1. Geometric dimensions of specimens (mm).

Figure 2 shows the test machine with an installed specimen. The low-cycle fatigue
test and the tensile test were performed on an INSTRON 8802 servo hydraulic machine
in ambient air at room temperature. For the local deformation measurement, a clip-on
extensometer with a gauge length of 25 mm was used and attached to the test specimens.
The quasi-static tensile test was performed with a constant strain rate of 1 mm/min, while
the cyclic load frequency for the low-cycle fatigue testing was kept to around 0.03 Hz. The
low-cycle fatigue tests were conducted under fully reversed axial push and pull strain-
controlled conditions. The test programs were designed as follows:

1.  Tensile tests: to obtain the basic mechanical properties of the material such as the
elastic modulus Ey, the yield stress 0y, the ultimate stress 0, and the elongation at
breakage J. Static tensile tests were performed using 3 specimens.

2. Fatigue tests: to investigate the LCF behavior of the damage free material, a group
of specimens were cyclically loaded up to fracture at selected strain amplitudes.
The strain amplitude (Ae/2) in the pure fatigue tests ranged from 1.0% to 3.0%.
18 specimens were used in the fatigue tests. The strain ratio R = emax/€min Was set as
—1 for all fatigue load cases.

3.  Tension—fatigue tests: to study the effect of large tensile plastic strain on the low-
cycle fatigue behavior of the material, post-tension fatigue tests were carried out.
First, the specimens were loaded with a very large deformation into the plastic stage.
Afterwards, low-cycle fatigue loads were applied to the pre-damaged specimens.
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9 specimens were used in the tension—fatigue tests. Triangular waveform was adopted
for all cyclic loads.

4.  Fatigue—tension tests: to study the effect of LCF damage on the tensile behavior of
the material, pre-cyclic tests were performed to produce LCF damaged samples, and
subsequent static tensile tests were carried out on these pre-damaged specimens.
12 specimens were used in these tests.
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Figure 2. Test setup and instrumentation.

3. Results and Discussions
3.1. Tensile Tests

Three specimens were used in the monotonic tensile tests, in which two of them were
used for repeated tests. The key parameters were derived from the stress—strain curves.
Table 2 shows the monotonic tensile properties of the material, in which ¢, represent the
yield stress, o, represents the ultimate stress, €, represents the ultimate strain corresponding
to the ultimate stress, Ey is the elastic modulus, and Jy denotes the elongation at breakage.

Table 2. Monotonic tensile properties of Q345 steel.

oy (MPa) o, (MPa) &y (%) Ej (GPa) do (%)
389.6 529.2 26.0 204.2 39.5

3.2. Fatigue Tests

Constant-amplitude protocols were used for the LCF tests according to GBT 15248-
2008 [29]. Six strain amplitude levels were designed, e.g., 1.0%, 1.5%, 1.7%, 2.0%, 2.5%,
and 3.0%. 18 specimens were used in these tests. Figure 3 shows the hysteretic loops with
different strain amplitudes in the fatigue tests. Table 3 lists the low-cycle fatigue lives of the
specimens under different amplitudes of cyclic loads, in which Ny represents the fatigue
life. As can be seen, low-cycle fatigue life decreases as the load amplitude increases in the
constant-amplitude loading conditions.
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Figure 3. Hysteretic loops of low-cycle fatigue tests with strain amplitudes of: (a) 1.0%; (b) 1.5%;
(c) 1.7%; (d) 2.0%; (e) 2.5%; (f) 3.0%.

Table 3. Low-cycle fatigue lives of Q345 steel.

No. Ael2 (%) Ny Average Life
1 364
2 1.0 430 405.0
3 421
4 276
5 1.5 312 304.7
6 326
7 244
8 1.7 220 234.0
9 238
10 214
11 2.0 198 194.7
12 172
13 128
14 25 140 139.0
15 149
16 71
17 3.0 65 77.7
18 97
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The total strain amplitude in LCF tests is composed of the elastic strain amplitude
component and the plastic component as such:

AS/22A83/2+ASP/2 1

where Ag, /2 is the elastic strain amplitude part, and Ag, /2 is the plastic strain amplitude part.
The relation between the LCF lives and the plastic strain amplitudes can be described
by the Coffin-Manson equation:

Aey/2 = €'-(2Npf @)

where €’; is the fatigue ductility coefficient and ¢ is the fatigue ductility exponent.

Figure 4 shows the fatigue lives of the test specimens and the fitting strain—fatigue
life relation (see Equation (3)), which can be used to predict the LCF life of this kind of
steel material.

A, /2 =0.843-(2Ny) 06 3)
0.04
\\

0.03 -'s
o \\”f & Testresults
= 0.02 e e
< [~ 4

e_es
001 | Ag/2=0843(2NY0S [ & 6=
R2=0.93
0.00
0 200 400 600 800 1000
2N

Figure 4. Fitting results based on the LCF tests.

Figure 5 shows the stress—strain loops at the N;/2 load cycle under different strain
amplitude conditions. It can be seen that the maximum stress in each case is basically
on the coincident curves, and all the hysteretic loops are well-stacked and in a stable
state. This means this kind of steel material illustrates Masing behavior, and it has a good
energy dissipation capacity. Hysteretic curves can be fitted using the Ramberg—Osgood
equation [30], and for LCF tests, the relation between the cyclic stress and strain can be
expressed as:

Ac/2 =K' (Aep/2)" (4)

where Ao /2 is the stable stress amplitude, K’ is the cyclic hardening coefficient, and n” is
the cyclic hardening index. These stable values are obtained from the stress—strain loops at
the Ny/2load cycle as shown in Figure 5. The parameters in the Ramberg-Osgood equation
can be calibrated via these experimental results. Parameter K’ is 395.8 and n” is 0.118 for the
low alloy steel Q345.

3.3. Fatigue-Tension Tests

The fatigue—tension tests were conducted to investigate the remaining mechanical
properties of the specimens after being fatigue damaged. A constant strain amplitude of
1.7% was adopted in the fatigue—tension tests. Therefore, the corresponding fatigue life at
this strain amplitude is 234.0 according to the previous pure fatigue tests. Eight different
pre-fatigue levels were selected by applying different numbers of load loops (10, 20, 30,
40, 50, 60, 70, and 200) to the specimens. The pre-damage levels are represented using the
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ratio of the applied load cycles N and the corresponding fatigue life Ny. Figure 6 shows the
stress—strain curves of the fatigue—tension tests, in which the static tensile curves are also
illustrated for comparison. As can be seen, the ductility of the fatigue-damaged specimens
decreases dramatically. When the specimen is severely fatigue-damaged, e.g., N/Ny=0.855,
both the strength and ductility degrade significantly.

600 r
400 =
s
T,
< 200 r AV
o /7 !5
é / ! ~I ]
2 O [ 1 20w,
o T
& —200 | I/.' /
I Pl
400 |B0%; | |
—600 1 ) ] ) ] ) ] ) . 1 . 1

-30 -20 -10 0.0
Strain (%)

Figure 5. Stabilized cyclic stress—strain hysteretic loops in low-cycle fatigue tests.
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Figure 6. Cont.
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Figure 6. The stress—strain curves of fatigue-tension tests with strain amplitude of 1.70% and pre-
fatigue damages of: (a) 0.043; (b) 0.085; (c) 0.128; (d) 0.171; (e) 0.214; (f) 0.256; (g) 0.300; (h) 0.855.
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The fatigue—tension tests were also conducted with a constant strain amplitude of 2.5%
to study the effects of the load amplitudes. The corresponding fatigue life with a strain
amplitude of 2.5% is 139.0. Four different pre-fatigue levels were designed by applying 10,
20, 30, and 40 load cycles to the specimens. Figure 7 shows the stress—strain curves of the
fatigue—tension tests with strain amplitude of 2.5%. As can be seen, the ultimate stress is
almost unaffected by the pre-fatigue damage in these cases.
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Figure 7. The stress—strain curves of fatigue—tension tests with a strain amplitude of 2.5% and
pre-fatigue damages of: (a) 0.072; (b) 0.144; (c) 0.216; (d) 0.288.
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Figure 8 shows the remaining mechanical properties of the specimens after being
fatigue damaged, in which ¢’; represents the remaining ultimate stress, €', represents
the ultimate strain corresponding to the remaining ultimate stress, and J denotes the
elongation of the specimens with pre-fatigue damages. As can be seen in the figure, the
ultimate strength and the elongation decrease as the pre-fatigue damages increase. The
strain amplitudes of the cyclic loads have no significant effects on the deterioration tendency
of the mechanical properties. Notable among the deterioration of the mechanical properties,
the ultimate strain &', corresponding to the ultimate stress decreases remarkably even if the
pre-fatigue damage is slight, which indicates an earlier decrease of the tensile stress—strain
curves (see Figures 6 and 7). The fitting equations of the test results are also given in these
figures (see Equations (5)—(7)), which can be adopted for the prediction of the remaining
mechanical properties of the fatigue-damaged materials. Note that for the fitting of the test
results €', the result of the undamaged specimen was not used (Figure 8b).

0'y/ oy = —0.151-(N/Nj) + 1.000 (5)
&'u/ey = —0.114-(N/Nj) + 0.627 (6)
6/ 80 = —0.372-(N/Np) +0.974 7)
1.1 -
>4 A 4
10 -2 “"J"e o
________ .
X 0.8
a',/6,=—0.151-N/N;+1.000 * Ae/2=1.7%
) /
0.7 R*=0.83 | AAe2=25% |-
0.5
0 0.2 0.4 0.6 0.8 1 12
NIN,
(a)
0.8 ‘ ‘
07 &', /6,=—0.114-N/N,+0.627
R>=0.72
06 [evehes
A bt PN SO
S e e o -—-—
0.5
* Ae/2=1.7%
0.4 N
A Ae/2=2.5%
03 * |
0 0.2 0.4 0.6 0.8 1 12
NIN;

Figure 8. Cont.
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Figure 8. The remaining mechanical properties of the specimens after being fatigue damaged;
(a) remaining ultimate stress; (b) strain corresponding to remaining ultimate stress; (c) remaining
elongation at breakage.

3.4. Tension-Fatigue Tests

In this section, the effects of pre-damages caused by a large tensile plastic deformation
on the LCF behavior of the low alloy steel are studied. Consequently, the tension—fatigue
tests were performed, in which the specimens were firstly subjected to tensile strains of
3.35%, 4.20%, 5.03%, 5.86%, 6.70%, 7.54%, 8.38%, 9.20, and 10.10% to generate different
pre-damage levels, and then subsequent low-cycle fatigue loads were applied to the same
specimens. Figure 9 shows the stress—strain curves obtained from the tension—fatigue tests,
in which constant strain amplitude of 1.7% was selected. Table 4 shows the remaining
LCF lives of the specimens with consideration of the pre-damages caused by prior tensile
deformation, in which N's represents the remaining fatigue life.

Table 4. Test results of the tension—fatigue tests.

No. &t (%) N ’f
1 3.35 185
2 4.20 221
3 5.03 192
4 5.86 180
5 6.70 190
6 7.54 247
7 8.38 201
8 9.20 229
9 10.10 238

Figure 10 shows the remaining LCF lives of the pre-damaged specimens, in which
the fatigue life of the specimen without pre-damage is also indicated. As can be seen,
the fatigue lives decrease due to the pre-damages induced by the tensile deformation in
most cases. However, this kind of effect is not so notable. The remaining fatigue lives of
the specimens with previous tensile deformation damages of 7.54% and 10.10% are even
longer than that of the undamaged ones. Considering the large dispersion of the fatigue
test results, it can be concluded that the fatigue lives are almost unaffected as long as the
pre-applied tensile strain is lower than 10%.
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Figure 9. The stress—strain curves of tension—fatigue tests with a prior maximum tensile strain of:
(a) 3.35%; (b) 4.20%; (c) 5.03%; (d) 5.86%; (e) 6.70%; (f) 7.54%; (g) 8.38%; (h) 9.20%; (i) 10.10%.
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Figure 10. The remaining low-cycle fatigue lives considering prior tensile deformation damages.

4. Conclusions

The low-cycle fatigue behavior, the remaining mechanical properties with considera-
tion of low-cycle fatigue damages, and the remaining fatigue lives considering the prior
plastic deformation damages of low carbon alloy steel Q345q were experimentally studied
herein. The following conclusions can be drawn, and they are limited to Q345q steel, which
was adopted in the tests of this study.

1.  The Manson—Coffin formula of Q345q steel was obtained based on the pure fatigue
tests, which can be used to predict the low-cycle fatigue life of this kind of material.
The stable hysteretic loops are well-stacked. The material illustrates Masing behavior,
and it has a good energy dissipation capacity.

2. The ductility of the LCF-damaged materials decreases in comparison with the undam-
aged ones. When the specimen is severely fatigue-damaged, e.g., N/Ny = 0.855, both
the strength and the ductility degrade significantly.

3. The strain amplitudes of the prior cyclic loads have no significant effects on the deteri-
oration tendency of the remaining mechanical properties. The strain corresponding to
the ultimate stress decreases remarkably, indicating an earlier decrease of the tensile
stress—strain curves.

4. The obtained fitting equations of the remaining mechanical properties of the fatigue-
damaged specimens can be adopted for the plastic behavior prediction of the LCF-
damaged steel materials.

5. The low-cycle fatigue lives of Q345q steel are almost unaffected, as long as the pre-
applied tensile strain is lower than 10%.
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